During development, motoneurons (MNs) undergo a highly stereotyped, temporally and spatially defined period of programmed cell death (PCD), the result of which is the loss of 40 -50% of the original neuronal population. Those MNs that survive are thought to reflect the successful acquisition of limiting amounts of trophic factors from the target. In contrast, maturation of MNs limits the need for target-derived trophic factors, because axotomy of these neurons in adulthood results in minimal neuronal loss. It is unclear whether MNs lose their need for trophic factors altogether or whether, instead, they come to rely on other cell types for nourishment. Astrocytes are known to supply trophic factors to a variety of neuronal populations and thus may nourish MNs in the absence of target-derived factors. We investigated the survival-promoting activities of muscle-and astrocyte-derived secreted factors and found that astrocyteconditioned media (ACM) was able to save substantially more motoneurons in vitro than muscle-conditioned media (MCM). Our results indicate that both ACM and MCM are significant sources of MN trophic support in vitro and in ovo, but only ACM can rescue MNs after unilateral limb bud removal. Furthermore, we provide evidence suggesting that MCM facilitates the death of a subpopulation of MNs in a p75 NTR -and caspase-dependent manner; however, maturation in ACM results in MN trophic independence and reduced vulnerability to this negative, pro-apoptotic influence from the target.
Introduction
The interaction of motoneurons (MNs) with their target (muscle) has been extensively investigated and is thought to be critical for the regulation of programmed cell death (PCD) of MNs during development. During PCD, which occurs between embryonic day 5 (E5) and E12 in the chick embryo, 40 -50% of the MNs that are originally born die by a process thought to be the direct result of a competition for a limited supply of target-derived trophic support (Cunningham, 1982; Oppenheim, 1991; Sendtner et al., 2000; Yuan and Yankner, 2000) . Classically, the role of the target has been demonstrated by experimental manipulation of its size. Extirpation of a developing limb at E2.5 results in an amplification of PCD ipsilateral to the lesion, without affecting development of the contralateral side Caldero et al., 1998) . Similar findings are seen when the target size is reduced by genetic manipulation or somite removal (Phelan and Hollyday, 1991; Grieshammer et al., 1998; Kablar and Rudnicki, 1999) . These findings are complimented by studies that show that the addition of a supernumerary limb increases the number of surviving MNs on the ipsilateral side (Hollyday and Hamburger, 1976) .
The survival-promoting benefits of the target muscle have been documented extensively. Skeletal muscle extract (MEx), a fractionated cytosolic homogenate of the target muscle, has been identified as a potent source of trophic support for MNs both in vitro and in vivo (Smith and Appel, 1983; Henderson et al., 1984; Oppenheim et al., 1988; Milligan et al., 1994) . Similar to MEx, media conditioned by muscle cells and myotubes promote neurite outgrowth and MN survival both in vitro and in vivo (Henderson et al., 1981; Calof and Reichardt, 1984; Eagleson and Bennett, 1986; Petruzzelli and Hughes, 1989; Oppenheim et al., 1993; Arce et al., 1998) . Both of these protein mixtures contain multiple putative target-derived trophic factors that have been identified to rescue MNs both in vitro and in vivo [e.g., BDNF, neurotrophin 3 (NT3), NT4/5, glial cell line-derived neurotrophic factor (GDNF), CNTF, HGF (hepatic growth factor), EGF (epidermal growth factor), FGF, IGF-1, and cardiotrophin-1 among others] (Oppenheim, 1996; Henderson et al., 1998; Sendtner et al., 2000) . MNs are a unique neuronal population in that they not only require multiple factors to maximally sustain their survival, but they are insensitive to the prototypical neurotrophin nerve growth factor (NGF), because they are deficient in the tyrosine receptor kinase A (TrkA) receptor (Oppenheim et al., 1993; Yan et al., 1993; Nishi, 1994; Oppenheim, 1996; Sendtner et al., 1996; Curtis et al., 1998; Gould and Oppenheim, 2004; Ricart et al., 2006) . In fact, it has become clear that NGF can induce apoptosis of MNs (as well as other neuronal populations) through its interaction with p75 NTR (Rabizadeh et al., 1993; von Bartheld et al., 1994; Frade et al., 1996; Sedel et al., 1999; Terrado et al., 2000; Barbeito et al., 2004; Pehar et al., 2004) . Furthermore, although p75 NTR is highly expressed during early development, it is postnatally downregulated but is often reactivated after injury or disease implying multiple, context-dependent functions for this receptor (Ernfors et al., 1989; Rabizadeh et al., 1993; Dowling et al., 1999) .
Although the target has been extensively investigated as a principle source of trophic support for developing MNs, its requirement for the maintenance of MNs diminishes with age (Crews and Wigston, 1990; Kuno, 1990; Lowrie and Vrbova, 1992; Houenou et al., 1994) . The number of MNs that die as a result of axotomy, limb amputation, and nerve crush is diminished as the organism ages, although it is unclear whether MNs become trophic-independent or, if with age, they come to depend on alternative sources of trophic support (Snider and Thanedar, 1989; Crews and Wigston, 1990) . Numerous other putative trophic sources exist, including glia (e.g., Schwann cells and astrocytes), afferents, and components of the extracellular matrix (Okado and Oppenheim, 1984; Eagleson et al., 1985; Furber et al., 1987; Yin et al., 1994; Riethmacher et al., 1997; Arce et al., 1998; Wong et al., 1999) . Astrocytes represent a significant, yet underappreciated, cellular population in the nervous system that contributes to numerous developmental processes. These cells produce a variety of trophic factors that may sustain neuronal survival in the absence of better studied sources of trophic support and after injury (Muller et al., 1995; Lafon-Cazal et al., 2003) . Although astrocytes support the survival of MNs in vitro and rescue MNs from injury after deafferentation in vivo, their ability to compensate for loss of the target is less clear (Eagleson et al., 1985; Yin et al., 1994) .
We investigated the ability of secreted factors produced by limb muscle cells and by spinal cord astrocytes to promote MN survival in vitro, during the period of naturally occurring PCD in vivo, and after unilateral LBR. Whereas both astrocytes and muscle cells produce factors that significantly rescue MNs from death, we show that muscle-conditioned media (MCM) also contains factors that negatively impinge on MN survival in a p75 NTRdependent manner. Furthermore, when MNs are differentiated in the presence of astrocytes, they are no longer susceptible to this negative influence of the target.
Materials and Methods

MN cultures.
MNs were cultured from the lumbar spinal cords of E5-E5.5 chick embryos as described previously (Milligan et al., 1994; Taylor et al., 2003; Newbern et al., 2005) . Briefly, spinal cords were digested in 0.05% trypsin, dissociated, layered onto a 5% (v/v) Iodixanol (Optipep) density gradient, and centrifuged at 900 ϫ g. The MN-enriched interface layer was collected, diluted in culture media, and centrifuged at 700 ϫ g over a 4% BSA cushion. The pellet was collected and resuspended in complete media as described previously (Taylor et al., 2003; . Cells were plated on poly-ornithine/laminin-coated 48-well plates at a density of 100 cells/mm 2 . In acute experiments, cultures were experimentally treated within 1 h of plating. For experiments in established cultures, cells were plated in complete media with 20 g/ml astrocyte-conditioned media (ACM) or muscle extract [prepared as described by Oppenheim et al. (1988) ]. After 2 d in culture, cells were rinsed six times with L15 and fresh, complete media containing 20 g/ml of either ACM or MCM was added. Antibodies and trophic factors used to treat cultures were anti-NGF 2.5S (N-6655; Sigma, St. Louis, MO), anti-p75 NTR (Chemicon, Temecula, CA), anti-GDNF (MAB212), anti-GFR␣1 (AF560; R & D Systems, Minneapolis, MN), anti-BDNF (AB1513P), anti-NT3 (AB1780SP; Chemicon), mouse NGF 2.5S (Alomone Labs, Jerusalem, Israel), and caspase inhibitors were z-IETD-FMK and z-DEVD-FMK (R & D Systems).
Survival was determined by treatment of MNs with 1 M calcein AM (Invitrogen, San Diego, CA), a cell-permeable, fluorescent indicator of living cells. After treatment, cells were counted in two perpendicular diameters of the culture well at 20ϫ. Cells were ϳ90% pure based on the nuclear localization of the immunocytochemical marker, Islet-1 (Ericson et al., 1992; Milligan et al., 1994) . Each condition was performed in triplicate and replicated in at least three different cultures.
Astrocyte cultures. Astrocytes were isolated from E12 chick lumbar spinal cords as described previously with modifications (Levison and McCarthy, 1991) . After dissection, spinal cords were subjected to a brief 0.05% trypsin digestion and dissociated. The resulting cell suspension was centrifuged over a 4% BSA cushion to reduce detritus, and the recovered cell pellet was plated onto T-75 flasks in growth media containing DMEM-F12 media (Invitrogen) supplemented with 10% fetal bovine serum, penicillin-streptomycin, and fungizone. Media were replaced after 4 d in culture and every 2 d thereafter. After reaching confluency, contaminating cells were removed by shaking flasks overnight at 260 rpm. Remaining cells were detached with 0.25% trypsin and plated at a density of 500 cells/mm 2 in defined media (DMEM-F12 plus G5 supplement) (Invitrogen) to promote differentiation (Michler-Stuke and Bottenstein, 1982) . Cultures were routinely monitored for purity and were not used unless they were Ն99% GFAP (Dako, High Wycombe, UK) immunoreactive.
Muscle cultures. Muscle cells were isolated from E11 chick hindlimb as described previously, with minor modifications (Neville et al., 1998; Robinson et al., 2005) . Muscle cells were grown to confluence in serum containing growth medium until myotubes were observed and then maintained in serum-free differentiation medium for the duration of the culture.
Preparation of ACM and MCM. Astrocytes and muscles were cultured and differentiated as described above. Cultures were maintained and fed every 3-4 d. After reaching confluency, cultures were switched to a basal media (DMEM-F12 or DMEM containing penicillin-streptomycin and fungizone) for 48 h. Media were collected from cultures and centrifuged at 400 ϫ g to remove free cells and membrane debris. Proteins from CM were precipitated with a 25-75% fraction of (NH 4 ) 2 SO 4 and collected after centrifugation at 20,800 ϫ g for 1 h. Pellets were resuspended in MilliQ water and dialyzed against PBS, pH 7.4. After dialysis, the protein solution was filter-sterilized, assayed for protein concentration, and frozen at Ϫ80°C until use.
Treatment of embryos. Fertilized eggs were windowed and treated from E6 to E9 with ACM, MCM, or PBS in 150 l. At E10, embryos were decapitated, staged according to Hamburger and Hamilton (1951) , and placed in Carnoy's fixative for 24 h. The next day, the tissue was placed in 70% ethanol overnight, and then the lumbar region of the spinal cord was processed for paraffin embedding. Ten micrometer sections were stained with thionin as described previously . Healthy and pyknotic motoneurons were counted in every 10th section (Clarke and Oppenheim, 1995) . Dying motoneurons were counted if they were in the lateral motor column (LMC) and displayed a pyknotic profile (Clarke and Oppenheim, 1995) .
Limb bud removals. Unilateral removal of the right limb bud was performed on E2.5, corresponding to stages 16 -18 of the Hamburger-Hamilton stage series (Hamburger and Hamilton, 1951) , using surgical methods described previously (Hamburger and Hamilton, 1951; Oppenheim et al., 1978; Caldero et al., 1998) . Embryos were treated with ACM, MCM, or PBS from E3 to E7 as described above and killed on E8. Only those embryos later observed to have a complete absence of the leg and pelvic girdle were used for analysis. Because unilateral LBR in the chick has no effect on the development of contralateral sensory or motor neurons , this side was used as an internal control. Processing and counting of MNs was performed as described above.
Detection of caspase activity. MNs were collected in cell extraction buffer (50 mM HEPES, pH 7.0, 1 mM EDTA, 50 mM KCl, 2 mM MgCl 2 , 1 g/ml leupeptin, 1 g/ml aprotinin, and 1 mM PMSF), sonicated, cleared by centrifugation, and assayed for protein content. Caspase 3/7 activity was measured using the Apo-One Homogenous Caspase 3/7 assay (Pro-mega, Madison, WI) according to a modified manufacturer protocol. Caspase 8 activity was measured using the Caspase-Glo 8 Assay (Promega). One microgram of protein in a final volume of 20 l was analyzed with an equal volume of caspase substrate in supplied buffer. The resulting signal was read using a spectrofluorometer at 488 /535 (caspase 3/7) or a luminometer (caspase 8). Data were transformed by calculating the proportional change relative to untreated controls.
Results
MCM and ACM support the survival of acutely isolated MNs
The target is considered to be the primary, although not sole, source of trophic support for MNs during development. We therefore examined the MN survivalpromoting abilities of secreted factors from this source, as well as from spinal cord astrocytes. MNs were treated with increasing doses of ACM and MCM, and their viability was determined after 72 h. At doses Ͼ10 g/ml, ACM promoted significant MN survival compared with deprived cells (*p Ͻ 0.05, 10 g/ml vs deprived; ***p Ͻ 0.001, 20, 40, and 80 g/ml vs deprived). Moreover, at higher doses (40 and 80 g/ml), ACM was superior to MCM at equal protein concentrations in its ability to rescue MNs from tropic factor deprivation ( Fig. 1 A, B) . Although MCM was able to prevent the death of a significant number of MNs, this effect was less robust than ACM (*p Ͻ 0.05, 40 g/ml vs deprived; **p Ͻ 0.01, 20 g/ml vs deprived). The degree of survival promoted by MCM was similar to that seen previously with MEx (prepared from chick hindlimb homogenates), a potent source of trophic support for MNs ( Fig. 1 B) (Oppenheim et al., 1988; Bloch-Gallego et al., 1991; Milligan et al., 1994) . Furthermore, at higher concentrations (Ն80 g/ml), the survival-promoting abilities of MCM were diminished ( Fig. 1 B) , a phenomenon similar to that seen with MEx-treated MNs (Henderson et al., 1984 ) (C.E.M., unpublished observations). By analyzing ACM-, MCM-, and MEx-treated cultures with an antibody against the MN-specific marker, Islet-1, we were able to verify that the rescued cells were MNs (Ericson et al., 1992) . The percentage of cells that were Islet-1 positive did not differ significantly between conditions indicating that secreted factors from astrocytes and muscles rescue MNs and not another neuronal population present in the spinal cord (Fig. 1C ).
ACM and MCM differentially regulate the survival of acutely isolated MNs through p75 NTR
MNs require multiple trophic factors to survive (Nishi, 1994; Oppenheim, 1996; Sendtner et al., 1996; Gould and Oppenheim, 2004) . p75 NTR , a promiscuous receptor for multiple neurotrophins, is implicated in both the survival and death of MNs and is highly expressed in this population during development and in response to injury (McKay et al., 1996; Ferri et al., 1998; Wiese et al., 1999; Boyd and Gordon, 2001; Turner et al., 2003; Pehar et al., 2004; Cassina et al., 2005) . Moreover, we verified p75 NTR expression in MNs after treatment with ACM and MCM (data not shown). Therefore, we investigated the role of p75 NTR and one of its ligands, NGF, in MN survival after treatment with ACM and Figure 1 . ACM and MCM support the survival of acutely isolated MNs. A, Representative images depict calcein AM-labeled MNs cultured from plating with either ACM or MCM at indicated doses. After 72 h, cultures were treated with 1 M calcein AM, and living cells were counted as described in Materials and Methods. Note the decrease in cell viability resulting from treatment using 80 g/ml MCM. Also shown are representative images depicting trophic factor-deprived MNs and MNs treated with 20 g/ml heat-inactivated ACM or MCM. Images are shown at 30ϫ. B, Quantification of cell counts described in A indicate that 40 and 80 g/mlACMpromotesignificantsurvivalwhencomparedwithMCM(***pϽ0.001;ANOVAwithTukey-Kramerposthocanalysis).When compared with the trophic factor-deprived condition, ACM promoted significant MN survival at doses Ͼ10 g/ml, whereas MCM promotedsignificantMNsurvivalonlyat20and40g/ml(seeResults).ThereferencepointindicatesthelevelofsurvivalobservedwhenMNs are cultured with 20 g/ml muscle extract. C, Representative images depict islet-1 immunoreactivity of TF-deprived, ACM-and MCM-treated cultures, indicating that the purity of MNs rescued by these factors was Ͼ90%.
MCM. For these and all subsequent in vitro experiments, MNs were treated with 20 g/ml ACM or MCM unless otherwise indicated. Although the viability of MNs was unaffected when ACM-or MCM-treated cells were supplemented with recombinant NGF or with an NGF-neutralizing antibody (data not shown), treatment with a p75 NTR -neutralizing antibody revealed a bifunctional role for this receptor. In ACM-treated cultures supplemented with anti-p75 NTR , MN viability was unchanged relative to controls; however, treatment with MCM in combination with anti-p75 NTR resulted in significant MN rescue (Fig.  2 A) . These data suggest that, although MCM likely contains multiple trophic factors, it also contains a factor (s) that adversely influences MN viability through p75 NTR .
MCM and ACM treatment results in differential caspase activation in acutely isolated MNs p75 NTR is a member of the tumor necrosis factor (TNF)/NGF superfamily of proteins. This protein family is characterized based on its homology with the TNF receptor and by the presence of an intracellular death domain. Many members of this family, including Fas/Apo1, mediate apoptosis through the sequential activation of the death domain, recruitment of cytoplasmic adaptor proteins, and subsequent activation of caspase 8 (Raoul et al., 2000; Lambert et al., 2003) . We therefore analyzed caspase 8 activity in MNs 24 h after treatment with MCM and ACM and observed that both resulted in a significant increase in activity (Fig. 3A) . Inhibition of caspase 8 with z-IETD-fmk did not significantly enhance MCM-or ACM-induced MN survival (Fig.  3B ), although caspase 8 activity in MCM-treated MNs was slightly reduced by p75 NTR blockade (Fig. 4 A) . Because, z-IETDfmk does not significantly rescue MNs from death induced by MCM, and because caspase 8 activity is not significantly altered by blockade of p75 NTR , it is unlikely that signaling through caspase 8 is the principle mechanism of death used by p75 NTR in MCM-treated MNs.
Although p75 NTR signaling leads to apoptosis through caspase 8 activation in certain contexts, this is not a mechanism that is always used by this receptor (Della-Bianca et al., 2001; Wang et al., 2001; Troy et al., 2002; Giraud et al., 2005) . The classic model for apoptotic death is that, after exposure to a death stimulus, apoptosome formation and caspase 3/7 activation ensues. MNs were therefore treated with MCM to determine the degree of caspase 3/7 activation. Treatment of MNs with ACM virtually eliminated caspase 3/7 activity; however, treatment of MNs with MCM resulted in a degree of caspase 3/7 activity similar to that seen in trophic factor deprived MNs, despite promoting a threefold to fourfold increase in survival (Figs. 1, 3C ). In contrast to caspase 8, inhibition of caspase 3/7 with z-DEVD-fmk resulted in a significant rescue of MCM-treated MNs, a rescue that was not further enhanced by the presence of the p75 NTR blocking antibody (Fig. 3D) . Additionally, blockade of p75 NTR reduced caspase 3/7 activity (Fig. 4 B) , which together with our previous findings suggest that MCM promotes the death of a subset of MNs in a p75 NTR -and caspase 3/7-dependent manner.
ACM and MCM facilitate MN maintenance in matured MN cultures
During spinal cord development, MNs interact with their target, and a proportion undergo naturally occurring PCD before the appearance of GFAP-immunoreactive astrocytes Dahl and Bignami, 1975; Tapscott et al., 1981; Oppenheim et al., 1988) . We thus sought to determine the developmental profile of MN susceptibility to adverse factors from the target and whether exposure to astrocyte-derived factors alters this susceptibility. For these experiments, MNs were established in ACM, MCM, or MEx for 2 d, rinsed, and subsequently cultured in basal media or basal media containing ACM or MCM for the duration of the experiment. Viability was determined after 2 d in vitro (DIV) and again 3 d later at 5 DIV.
Initial treatment with ACM followed by trophic factor deprivation resulted in the maintenance of 75% of the MNs present at 2 DIV (Fig. 5A) . In contrast, establishment of MNs in MCM or MEx for 2 d, followed by trophic factor deprivation for the duration of the experiment, resulted in the maintenance of only 55 and 40% of MNs present at 2 DIV (Fig. 5A ). These data suggest that ACM and MCM may serve not only survival-promoting functions but may also contain signals leading to MN trophic independence, which occurs at E12 in ovo (Houenou et al., 1994) . Moreover, our data suggest that astrocyte-derived factors lead to a greater degree of trophic independence than target-derived factors (MCM and MEx).
To determine whether MNs established in ACM continue to be susceptible to pro-apoptotic influences from the target, MNs were initially treated with ACM for 2 d, resupplied with either MCM or ACM at 2 DIV, and viability assessed at 5 DIV. Treatment in this manner resulted in equivalent survival of MCM-and ACM-treated MNs, suggesting that, under these circumstances in vitro, MCM is no longer deleterious to MNs, which may be attributable to reduced MN vulnerability after previous exposure to ACM (Fig. 5 B, C) .
Alteration of p75
NTR function in ACM-matured MN cultures We used NGF and p75 NTR neutralizing antibodies to determine whether the modified response of MNs to MCM after maturation with ACM involves p75 NTR . Although neither NGF blockade nor exogenous NGF addition affected MN survival (data not shown), the blockade of p75 NTR in MCM-and ACM-treated cultures resulted in a decrease in MN viability at 5 DIV. Moreover, p75 NTR was necessary to sustain the survival of ϳ50% of the MN population (Fig. 6) . These results suggest that early exposure of MNs to ACM alters their responsiveness to MCM, possibly by changing the way in which they use p75 NTR .
ACM and MCM prevent MN PCD in ovo
To determine whether ACM and MCM rescue MNs in ovo in a manner similar to that seen in vitro, we treated the highly vascularized chorioallantoic membrane of chick embryos with ACM and MCM during the period of naturally occurring MN PCD. Both healthy and pyknotic MNs were counted in the lumbar region of the E10 chick spinal cord according to previously established methods (Chu- . Similar to our findings in vitro, treatment with MCM at 6 g/ml resulted in a significant increase in the number of healthy MNs (Fig. 7) , as well as a significant decrease in the number of pyknotic profiles observed at E10 (data not shown). Higher doses of MCM did not show the same effect. In contrast, treatment with ACM at 6 g/ml had no effect on the number of either healthy (Fig. 7) or pyknotic (data not shown) MNs present; however, 60 g/ml resulted in a significant increase in healthy (Fig. 7 ) MNs along with a significant decrease in pyknotic MNs (data not shown). Similar to MCM, high doses of ACM were unable to facilitate the rescue of additional MNs from PCD in ovo, suggesting that an optimal concentration of these protein mixtures is required for maximal survival. It is interesting to note that, in ovo, MCM rescues more MNs from PCD than ACM.
ACM, but not MCM, rescues MNs from death after LBR
Our data indicate that in vitro, target-naive MNs are markedly rescued by the presence of factors derived from astrocytes (Figs.  1, 5 ). In contrast, in ovo, MNs that make target contact before the exposure of astrocyte-derived factors are rescued to a lesser degree (Fig. 7) . Furthermore, MCM contributes to MN death in vitro in a p75 NTR -dependent manner (Fig. 2) . For these reasons, we asked whether astrocyte-derived factors would be more effective at rescuing MNs from death in the absence of the target in ovo. We performed unilateral LBR at E2.5 and treated embryos daily with MCM or ACM until they were killed at E8 and counted healthy and pyknotic MNs. Because this procedure does not affect the development of MNs contralateral to the injury, this side serves as an internal control . In accordance with our previous findings, both MCM and ACM rescued a significant number of contralateral MNs from naturally occurring PCD (Figs. 7, 8 B) , whereas after LBR, only ACM was able to promote a significant increase in the number of healthy (Fig. 8) , and decrease in the number of pyknotic (data not shown), ipsilateral MNs.
Discussion
MNs are polytrophic, in that they require multiple factors to maximally sustain their survival (Nishi, 1994; Gould and Oppenheim, 2004) . Furthermore, even in the presence of MEx, which contains numerous trophic factors, not all MNs are rescued from naturally occurring or induced PCD, a result that suggests two possibilities that are not mutually exclusive (Oppenheim et al., 1988) . One possibility, that the target is not the sole source of MN trophic support, has been discussed extensively (Okado and Oppenheim, 1984; Eagleson et al., 1985; Furber et al., 1987; fate of any given MN (Oppenheim, 1991; Pettmann and Henderson, 1998; Raoul et al., 2000; Ricart et al., 2006) . Thus, augmenting the target size (or provision of MNs with increasing amounts of MEx) may result in the increased availability of both trophic and toxic factors, thereby making the rescue of all MNs impossible. Our data are consistent with both of these alternatives. We provide data indicating that the target produces a factor leading to the death of a subset of MNs in a manner dependent on signaling through the p75 NT receptor and caspase 3/7 activation. We also show that astrocytes are a potent source of trophic support for MNs in vitro and during developmental and induced PCD in ovo. Moreover, our results indicate that astrocyte-secreted factors can promote MN survival to a greater extent than those derived from muscles, and that astrocytes and to a lesser extent the target, may contribute to the development of MN target independence.
Trophic sources for MNs
The PCD of lumbar MNs occurs between E5 and E12 in the chick nervous system and results in the loss of 40 -50% of the original MN population. The most common hypothesis underlying the survival of MNs during PCD is that these cells compete successfully for limited amounts of trophic factor from the target, whereas the cells that lose in this competition ultimately die (Cunningham, 1982; Oppenheim, 1991; Sendtner et al., 2000; Yuan and Yankner, 2000) . Underscoring the critical nature of the target in the regulation of MN survival are studies in which the unilateral extirpation of a limb results in the loss of nearly (ϳ90%) all of the MNs ipsilateral to the lesion. Conversely, augmentation of the target through the addition of a supernumerary limb results in the partial rescue of MNs from PCD. Findings that protein extracts derived from the muscle (e.g., MEx and MCM) contain numerous putative MN trophic factors and rescue significant numbers of MNs from PCD in vitro and in vivo provide additional support for the importance of the target as a source of trophic support.
Despite these findings, several studies indicate that the target is not the sole source of trophic support for MNs throughout their life. For example, 10% of MNs survive after LBR, suggesting that a subpopulation of cells is either trophic independent or obtains trophic support from alternative sources (Caldero et al., 1998) . Moreover, although LBR is performed before the onset of naturally occurring PCD, death that occurs as a result of this manipulation does not ensue until the normal period of PCD, suggesting there is a period of time before the onset of PCD during which MNs survive in the absence of target-derived trophic support . MNs die in animals subjected to embryological or neonatal axotomy or nerve crush; however, these cells are relatively spared later postnatally, implying that MN target dependence declines with age (Crews and Wigston, 1990; Kuno, 1990; Oppenheim et al., 1990; Lowrie and Vrbova, 1992; Houenou et al., 1994 ). ; n ϭ 8) . B, MNs were cultured from plating with 20 g/ml ACM. At 2 DIV, cultures were counted, rinsed thoroughly, and replaced with fresh media containing 20 g/ml of either ACM or MCM. At 5 DIV, cells were counted to determine the number of MNs remaining. Quantification of cell counts described in A indicate that both ACM and MCM are able to maintain MNs to an equivalent degree and that the death-inducing factor (s) present in MCM is incapable of exerting its function under these culture conditions. C, Representative images of the conditions described in B depict calcein AM-labeled MNs 3 DIV after media were changed. Images were captured at 20ϫ. In addition to the muscle, other cellular populations have been implicated in the support of MN survival (e.g., Schwann cells, astrocytes, afferents, components of the extracellular matrix). Schwann cells produce many of the trophic factors used by MNs, including GDNF, and CNTF (Friedman et al., 1992; Masu et al., 1993; Henderson et al., 1994; Lee et al., 1995) . In mice lacking the ErbB3 receptor, Schwann-cell precursors and their mature counterparts fail to develop. Despite this, MNs initially develop normally, although at later stages of development, ϳ80% of MNs die. (Riethmacher et al., 1997) . Similar findings were demonstrated after the deletion of the ErbB2 receptor (Morris et al., 1999) . Adult MNs are relatively spared when they are axotomized; however, this is not the case after spinal root avulsion, an injury that is more proximal to the cell body, a finding that may be partially attributable to the increased Schwann cell loss that occurs as a result of this injury (Wu et al., 2003) .
In chick embryos subjected to deafferentation, MNs can be rescued by astrocyte-derived factors, as can MNs in vitro (Eagleson et al., 1985; Yin et al., 1994) . Our data provide additional evidence in support of astrocytes as a major source of trophic support for developing and injured MNs. We show that astrocytes significantly rescue MNs from death in vitro and from naturally occurring PCD in ovo. Furthermore, ACM is one of a select group of agents (including MEx and GDNF) capable of rescuing MNs from death that results after LBR (Caldero et al., 1998) . Although astrocytes are potent sources of GDNF, the rescue of MNs by ACM is likely not a result of astrocyte-derived GDNF, because utilization of antibodies that neutralize the function of this protein or its receptor GFR␣1 fail to significantly reduce the survival-promoting effects of ACM on MNs in vitro (data not shown) (Gould and Oppenheim, 2004; Zhou et al., 2005) . Moreover, although astrocytes produce numerous other trophic factors that support MN survival, and it is likely that a significant portion of the survival-promoting abilities of ACM are attributable to the presence of some of these factors, utilization of varying concentrations of neutralizing antibodies to NGF, NT3, and BDNF also fail to reduce the survival promoting activity of ACM (data not shown) (Muller et al., 1995; Tfelt-Hansen et al., 2004; Kimura et al., 2006) . Interestingly, none of these factors when administered in singular or in combination promote MN survival to the same extent as ACM in vitro or after LBR in ovo. Together, these data suggest the possible presence of novel astrocyte-derived trophic agents or of known proteins with novel functions. Current studies are underway in our laboratory to identify some of these factors.
When MNs are cultured with ACM for 2 d and then cultured in the absence of trophic factor, the majority (ϳ75%) of MNs survive. These results suggest that astrocyte factors may contribute to the development of MN target independence. Although the target may also contribute to this event (55 and 40% of MNs survive when initially exposed to MCM and MEx), it is noteworthy that there is a strong temporal correlation with MN target independence and with the appearance of GFAPimmunoreactive astrocytes in the chick spinal cord Dahl and Bignami, 1975; Houenou et al., 1994) .
Production of pro-apoptotic signals by the target
As the neurotrophic hypothesis posits that neurons are required to obtain trophic support or risk death, the implication is that survival is an active process, and death occurs as the result of a default mechanism. Although the trophic benefits of the target are without question, recent evidence suggests that the target may also provide MNs with noxious signals leading to their demise (Oppenheim, 1991; Pettmann and Henderson, 1998; Raoul et al., 2000; Ricart et al., 2006) . As discussed previously, the addition of a supernumerary limb results in a significant increase in MN survival. If, however, MN number directly reflects the size of the target, then it is anticipated that an additional limb would effectively double the MN population. In fact, only a 20% increase in the number of surviving MNs results, although this result could be attributable to incomplete innervation of the added limb (Hollyday and Hamburger, 1976 ). An increase in MN number . ACM and MCM prevent MN PCD in ovo. Treatment with 6 g/ml MCM or 60 g/ml ACM results in the significant increase in healthy MNs after PCD in ovo (E10). Treatment with MCM resulted in a dose-dependent decrease in MN survival, similar to that seen in vitro. In ovo treatment with ACM also resulted in an increase in the number of healthy MNs, but a higher concentration of ACM was required to achieve this result (60 g/ml). The numbers in parentheses indicate n for each group (*p Ͻ 0.05, **p Ͻ 0.01; ANOVA with Tukey-Kramer post hoc analysis). Figure 8 . ACM, but not MCM, rescues MNs from unilateral LBR. A, Treatment with 6 g/ml ACM resulted in the significant increase in healthy MNs (E8) ipsilateral to unilateral LBR. B, Although MCM was unable to rescue MNs after LBR, it was able to rescue a significant number of MNs from PCD (as was ACM) as indicated by the internal control contralateral to the lesion. The numbers in parentheses indicate n for each condition (*p Ͻ 0.05, **p Ͻ 0.01; ANOVA with Tukey-Kramer post hoc analysis).
also results following both the pharmacological blockade of muscle activity as well as the genetic deletion of rapsyn, MuSK (muscle-specific kinase), and ChAT (cholineacetyltransferase), proteins critical for the formation of a functional NMJ (Pittman and Oppenheim, 1978; Pittman and Oppenheim, 1979; Oppenheim et al., 2000 Oppenheim et al., , 2003 Banks et al., 2001 Banks et al., , 2003 Terrado et al., 2001; Banks and Noakes, 2002; Misgeld et al., 2002; Brandon et al., 2003) . These findings imply that the inhibition of a primary function of the target enhances its capacity to support neuronal survival superseding that which occurs during normal development when such inhibition is not present. We have shown that astrocytes provide a potent source of MN trophic support in vitro and in vivo in the absence of the target; however, during the period of naturally occurring PCD, this effect is less profound. These data may indicate that in the presence of putative targetderived pro-apoptotic factors, astrocyte factors are less effective; however, removal of this negative signal may provide a more permissive environment for astrocytes to exert their influence. This is further supported by our findings that, after LBR, ipsilateral MNs are rescued by astrocyte-derived factors but not muscle-derived factors, but MNs contralateral to the injury are rescued by both muscle-and astrocyte-derived factors. It is clear that although the target is essential for neuronal survival, failure to successfully acquire trophic support may not be the only explanation for neuronal death (Cunningham, 1982) .
Our data indicate that although secreted factors from the muscle support MN survival in vitro and in vivo, other factors in MCM lead to the death of a subpopulation of MNs in a manner dependent on the activation of p75 NTR and caspase 3/7. MCMinduced death appears to occur in a context-dependent manner, as MNs matured in ACM no longer die in response to it. Moreover, maturation of MNs appears to alter their requirements for p75 NTR such that the survival of MNs treated with ACM and MCM is reduced by nearly 50% with blockade of p75 NTR , suggesting that this receptor becomes critical for MN survival rather than death.
The role of p75 NTR during development is complex and differs between neuronal populations (Lee et al., 1992; Davies et al., 1993; Barker, 1998; Miller and Kaplan, 1998) . In p75 NTR -null mice, the normal period of ganglion cell death in the retina is delayed (Frade and Barde, 1999; Harada et al., 2006) . This is also thought to be the case for sympathetic neurons, because neuronal survival during this period appears to be dictated by the relative levels of activated trkA versus p75 NTR (Bamji et al., 1998) . Furthermore, in DRG neurons, the function of p75 NTR appears to be developmentally regulated, being required for neuronal survival during early development and dispensable at postnatal ages (Barrett and Bartlett, 1994) . The role of p75 NTR in MN development is less clear. During development, a reduction of lumbar (tibial) and facial MNs has been documented in p75 NTR (Ϫ/Ϫ) mice; however, a similar reduction is not observed in brachial spinal MNs (Frade and Barde, 1999; Wiese et al., 1999; Boyd and Gordon, 2001 ). Moreover, in p75 NTR mutants that express only the intracellular domain (acting as a constitutive activator), no developmental loss of MNs in the facial nucleus is observed (Majdan et al., 1997) . From these studies, one would predict that the absence of p75 NTR during development would result either in reduced or unaltered MN survival; a finding that is contradictory to our own. Although the precise reason for this discrepancy is unclear, recent studies indicate that p75NTR
ExonIIIϪ/Ϫ mice (the genotype used in the previously mentioned studies) express a potentially active, alternatively spliced form of p75 NTR (von Schack et al., 2001 ). Attempts to rectify this resulted in the production of a p75NTR ExonIVϪ/Ϫ mouse, which has subsequently been shown to express a pro-apoptotic fragment, which may reflect a gain-of-function mutation rather than a loss of function (Paul et al., 2004) . Because of these technical challenges as well as the constitutive deletion of a protein that is critical for multiple developmental processes (e.g., dendritic development, neurite outgrowth, and myoblast survival), it is difficult to make any strong conclusions regarding the role of p75 NTR in the survival or death of MNs during development (Reddypalli et al., 2005; Salama-Cohen et al., 2005) .
Not only can p75 NTR interact with multiple ligands (e.g., NGF, BDNF, NT-3/NT-4, MAG, and Nogo), it can use several coreceptors to exert its biological influence (e.g., TrkA, TrkB, TrkC, Sortilin, Nogo-R, and Lingo) (Dechant and Barde, 2002; Barker, 2004; Bronfman and Fainzilber, 2004; Lu et al., 2005; Nykjaer et al., 2005) . Recent studies have suggested that signaling through the p75 NTR /Sortilin receptor complex by proneurotrophins (e.g., proNGF and proBDNF) may result in neuronal death in vitro and after CNS injury (Bamji et al., 1998; Lee et al., 2001; Boyd and Gordon, 2002; Harrington et al., 2004; Nykjaer et al., 2005; Teng et al., 2005; Volosin et al., 2006) . Similar mechanisms may mediate the death-promoting effects of proNT-3, although death induced by this mechanism is less thoroughly documented (Giehl et al., 2001) . The complexity of the context-dependent effects of p75 NTR on MN survival was recently discussed in a study suggesting that treatment of trophic factor-deprived MNs with ␤-neuregulin in combination with a neurotrophin results in p75 NTR -dependent MNs death, whereas treatment with either neurotrophin or ␤-neuregulin alone resulted in enhanced MN survival (Ferri et al., 1998; Wiese et al., 1999; Boyd and Gordon, 2001; Ricart et al., 2006) . Furthermore, although it has been suggested that MN survival as a result of activity blockade is a function of increased access to trophic factors resulting from an increase in sprouting or synapse number, it is interesting to note that activity blockade (which results in enhanced MN survival) leads to the downregulation of ␤-neuregulin, which may lead to enhanced utilization of neurotrophins by MNs (Loeb and Fischbach, 1997; Loeb et al., 2002) . Together, these findings suggest a mechanism by which neuregulins and neurotrophins antagonize one another through two receptor complexes to regulate MN survival.
Although the discussion of a target-derived noxious signal has focused on p75 NTR , it is important to note that this is likely not the sole death-inducing signal in MCM. Whereas a population of MCM-treated MNs in vitro is rescued via blockade of p75 NTR , this rescue does not increase the survival of MNs to the extent seen after treatment with ACM. Alternatively, this could reflect the higher inherent capacity of ACM in promoting the survival of trophic factor-deprived MNs. Nevertheless, both of our findings and those of others indicate that target-derived protein (e.g., MEx and MCM) mixtures can be toxic to MNs at high doses, suggesting that they may contain factors that can be overcome at low doses by the presence of trophic factors but that become insurmountable at higher doses (Henderson et al., 1984) . On a more global scale, these data suggest that MN survival after PCD may not be just a competition for limiting amounts of trophic support, but may also be the result of a surviving cell receiving more trophic than toxic signal. Thus, a balance of trophic and toxic target-derived signals, and not the access of MNs to it, may ultimately dictate whether any given cell will live or die. As MNs undergo a discrete period of PCD and remaining cells are maintained into adulthood, it is conceivable that MNs are only competent to receive a death signal during this stage of development based on the limited availability of this signal, or an alteration of its receptor expression or accessibility.
Conclusions
Together, our data highlight not only the possibility that proapoptotic signals originate from the target, they implicate astrocytes as a critical source for MN trophic support. It is unclear when astrocyte trophic support becomes critical for MN survival; however, it is interesting to note that there is a strong temporal correlation with MN target independence (E12 in the chick embryo), and the appearance of GFAP-positive astrocytes Tapscott et al., 1981; Houenou et al., 1994; Oppenheim et al., 1995) . These data suggest that this population of cells may become essential during adulthood, and that their dysregulation may strongly contribute to neurodegenerative conditions, including amyotrophic lateral sclerosis (Cleveland and Rothstein, 2001; Barbeito et al., 2004) .
